Q-balls are non-topological solitons whose classical stability is ensured by a global U (1) charge.
I. INTRODUCTION
The baryogenesis is a long-standing problem on modern cosmology. The Affleck-Dine mechanism is one of promising ideas for baryogenesis, which utilizes flat directions in the minimal supersymmetric standard model (MSSM) and can work even in low reheating temperature [1, 2] . It is known that the flat directions in the MSSM [3] , called the Affleck-Dine fields, can also produce non-topological solitons, Q-balls [4] [5] [6] [7] [8] . The properties of Q-balls de-pend on the potential of the Affleck-Dine field and Q-balls are classified into gauge-mediation type [6, 9] , gravity-mediation type [7, 10, 11] , hybrid type (new type) and so on [12] . On some parameter space, the Q-balls are stable against decay into nucleons and can explain the dark matter of the Universe [6] .
Previous studies [13] [14] [15] suggest that stability of a neutron star could constrain the abundance of Q-balls in our universe. When Q-balls collide and stop inside a neutron star, they quickly absorb neutrons and eat up the neutron star, which leads to a stringent constraint on the dark matter Q-balls. In [16] (see also [17] ), however, it is found that the U (1) breaking term (A-term) would suppress the growth of Q-balls. This is because the A-term breaks the U (1) symmetry and destabilizes the large Q-balls. The authors in [16] estimated the destabilization effect by considering the perturbative decay into phonons inside the Q-ball.
However, since the Affleck-Dine field has large mass outside the Q-balls, the light phonons can not directly escape from the Q-ball and the Q-ball decay needs some extra processes. So the perturbative decay rate may contain large uncertainties. Another approach to the Q-ball decay due to the A-term is numerical lattice simulations, which estimate non-perturbative and classical decay rate. Thus, it is complementary to the perturbative approach.
In this paper, we investigate the instability of Q-balls by numerical lattice simulations.
The numerical estimation for the A-term instability is firstly performed by [18] on gravitymediation type Q-balls. We extend the previous calculation and perform the lattice simulation on the gauge-mediation type as well as gravity-mediation one.
We confirm the instability in both gauge-and gravity-mediation types of Q-balls by the lattice calculation, and put constraints on the size of Q-balls. Using these results, we perform a comprehensive analysis of the growing Q-balls, which change the type and profile during growth in a neutron star. We show the allowed parameter space considering the constraints by the neutron star stability.
In Sec. II, we introduce the Q-balls in the gauge-mediated SUSY breaking. The Q-ball growth inside the neutron star is summarized in Sec. III. In Sec. IV, we describe the set up of our numerical simulation and show the results on the instability of Q-balls. Section V is devoted to discussion on the evolution of the three types of Q-balls. We conclude this paper in Sec. VI. The appendix part contains summary of thin wall type Q-balls (appendix A) and the calculation of the perturbative Q-ball decay (appendix B).
II. PROPERTY OF Q-BALLS
In the gauge-mediated SUSY breaking, the AD field has the following low energy effective potential for |Φ| M mess (M mess : messenger mass) [19] ,
where K is the coefficient of the one-loop correction, m 3/2 is the gravitino mass, M F is the scale of gauge-mediated SUSY breaking and M is the renormalization scale. 1 M * is the cut-off scale for the non-renormalizable operator, for example, M * ∼ 10 16 GeV (GUT scale) or M * = M pl (Planck scale). We assume that A and B are O(1) real parameters. When the potential V (Φ) is shallower than quadratic, it has a non-topological soliton (Q-ball) solution [4] which is written as Φ(t, r) = 1 √ 2 φ(r) exp(iωt) with radial part φ(r) depending on the potential.
At small field values, the potential is dominated by V gauge which leads to Q-balls called gauge-mediated type. The properties of the gauge-mediation type Q-balls are given by [20] 
where R Q , φ 0 and M Q are the size, central field value and mass of the Q-ball, ζ is O(1)
parameter [20] . The gauge-mediation type Q-balls are stable against decay into nucleons for ω < bm N , which is achieved when they have the large Q-charge given by [19] 
where m N 1GeV is the mass of a neutron and b = 1/3 is the baryon number for the AD field.
1 M F 5 × 10 5 GeV for the minimal direct gauge mediation model.
For the large field value φ φ eq = √ 2 M 2 F m 3/2 , V gravity dominates the potential and it has a Q-ball solution if K < 0. This type of Q-balls is generally called gravity-mediation type Q-balls, but in the framework of gauge-mediated SUSY breaking they are called new type or hybrid type. The gravity-mediation type Q-balls have the following property:
The stability condition requires m 3/2 < bm N (1 + 2|K|) −1/2 . We also investigate the V gravity with K > 0. In this case, the V gravity does not support the Q-ball solution and the Q-ball becomes the thin wall type as discussed later.
For an extremely large Q-ball, the potential is lifted by the non-renormalizable term and the field value reaches the critical value φ c given by
Such a large Q-ball has the field value φ c with a thin surface region and is called thin wall type. The properties of the thin wall type Q-balls are [4] R
In the following discussion, the thin wall type Q-ball has following two important properties,
(1)the radius grows like R ∝ Q 1/3 as Q increases, and (2) the field value inside the Q-ball no longer increases. (1) results in a rapid growth rate inside a neutron star and (2) results in the inefficient suppression of its size by the A-term instability, which we discuss later.
Contrary to the U (1) conserving terms, the A-term does not support the Q-ball but destabilizes it. For the gravity-mediation type, the instability occurs when the A-term becomes comparable to the V gravity [18] . In Sec. IV, we investigate the A-term instability based on the ratios of the A-term to the term supporting the Q-ball defined as
for gauge-and gravity-mediation type, respectively.
While Q-balls grow inside a neutron star, Q-balls change its type depending on the dominant potential term. In this paper, we focus on the following three cases:
For example, in the case with V gravity (K < 0), Q-balls grow from the gauge-mediation type to the gravity-mediation type. When they grow more, the V NR prevents the growth of the field value, and their radius starts to grow, which results in the thin wall type. In the other case, K > 0, the V gravity works like the V NR , in which the thin wall type appears following the gauge-mediation type. In this paper, we assume that captured Q-balls are gauge mediation type because the new type Q-balls are not efficiently captured by neutron stars (see next section).
III. GROWING Q-BALL
Let us summarize the constraint on Q-ball DM from the stability of neutron stars following [15, 16] . In this paper we assume that a typical neutron star has the total baryon charge B NS ∼ 10 57 , the lifetime longer than τ NS = 0.1Gyr, and the neutron number density n 0 ∼ 4 × 10 −3 GeV 3 at the center [16, 21] . Assuming the gauge-mediated type, the flux of the Q-ball DM is estimated as F [14] . For a neutron star with radius R NS ∼ 10km, the number of incoming Q-balls is written as
For the cosmological time scale (t = O(Gyr)), a significant number of Q-balls collide into a neutron star. The capture of gauge-mediation type Q-balls by a neutron star is discussed in [13] . They describe the motion of a gauge-mediation type Q-ball inside the neutron star by the equation,ẍ = −Ω 2 x − γẋ, where x is the position of the Q-ball from the center of the neutron star, Ω 2 = (4πρ ns )/(3M pl 2 ) is the angular frequency of a orbital motion and γ ∼ πR 2 Q ρ ns v n /M Q is the friction inside the neutron star. Here ρ ns is the matter density of the neutron star and v n is the speed of the neutrons in the star, where we assume v n ∼ 1 in this paper. Q-balls are captured by the neutron star when the friction dominates the angular motion as
The light Q-balls with small Q easily stop inside the neutron star and Q-balls with large M F rarely stop. For the minimal stable Q-ball with Q min given by Eq. (6), the efficiency of the capture rate Eq. (13) is converted to the condition on M F as
We comment on the new type Q-ball as DM. If the DM Q-ball is the new type with K < 0, the above estimation of the capture rate is modified since the new type has the constant radius independent of its Q-charge as Eq. (7). In this case, γ/Ω is written as smaller than that of the gauge mediation type and written as
which is smaller than that of the gauge mediation type. Thus, the capture of the new type Q-balls is inefficient [see Fig.6 ] and hence we assume that only gauge-mediation type Q-balls are captured inside neutron stars in this paper.
After a Q-ball stops inside a neutron star, it starts to absorb the neutrons around it since the energy per baryon number is lower inside Q-balls than outside [14, 22] . The growth rate of the Q-ball in a neutron star has large uncertainty. Following [16] , we briefly summarize two estimations of the Q-ball growth rate; one is based on the surface conversion and the other is hydrodynamic consideration. In the surface conversion scenario, we simply assume that all neutrons are absorbed into Q-balls when they collide on the surface of Q-balls. The growth rate is given byQ
In the hydrodynamic consideration scenario, authors in [15] assume that the excess energy from absorbed neutrons produces the pion cloud around the Q-ball. Based on the balance of the pressure between the neutron and the pion cloud, the growth rate is evaluated as [15] ,
where τ ∼ 10 8 GeV −1 is the neutral pion lifetime. We adopt Eq.(17) as the conservative growth rate in this paper.
Since the growth rate depends on the surface area 4πR 2 , the Q-ball growth is determined by the R-Q relation of each type. Using Eq. (17), the Q-ball grows as
Let us consider the typical evolution of a Q-ball inside a neutron star without V gravity and A-term, for simplicity. For M F O(10 3 )GeV, a stable DM Q-ball with Q Q min satisfies the condition of efficient capture (orange region in Fig.1 ) given by Eq. (13) . At first, the Q-ball follows the growth rate of the gauge-mediation type Eq. (18) . During the growth, the Q-ball becomes the thin wall type and more quickly grows than the gauge-mediation type.
The dotted lines in Fig.1 describe the threshold value of the thin wall type Q c1 given by Eq.(A3), which is smaller than the Q(τ NS ) for gauge-mediation type (black solid line). The thin wall type Q-ball quickly grows (color solid lines) and consume all the baryon in the neutron star for M F O(10 4 − 10 6 )GeV depending on the index of the non-renormalizable term.
Note that the time scale of Q-ball growth is much longer than that for the Q-ball to sink inside the neutron star t = γ −1 = O(10 −12 yr)(Q/10 24 ) 1/4 (M F /(10 3 GeV)) 3 . Thus, in this paper, we simply assume that only one large Q-ball stays at the center of the neutron star.
Now we include the decay of Q-balls through the A-term. When the A-term starts to destabilize the Q-ball, the Q-ball size reaches its upper bound Q max . After the Q-balls stop the growth, the baryon consumption rate in Eq. (17) is determined by its maximum radius R max . In the next section, we evaluate Q max by the numerical calculations.
As a conservative constraint, we require that the Q-balls should not consume all baryon of the neutron star over τ NS . When the A-term is inefficient, the Q-ball continue to grow until τ NS , which leads to the following constraint:
where Q(τ NS ) is given by Eqs (18)- (20) On the other hand, when the A-term strongly suppresses the Q-ball growth, it quickly reaches the maximum size Q max and the baryon consumption rateQ grow (R max ) balances to the A-term decay. Assuming that the growth is quicker than τ NS , the constraint is approximately given by 
In the following section, we investigate the upper bound of Q-charges suppressed by the A-term.
IV. NUMERICAL SIMULATION OF A-TERM DECAY
We investigate the A-term destabilization of Q-balls using numerical lattice simulation.
Let us describe the setup for calculation. We initially put a Q-ball in the box and follow the time evolution with the A-term. The initial profile is based on the gauge or gravitymediation type with small random fluctuations of O(10 −6 ). We expand the complex field by the two real field f and g as Φ = 1 √ 2 φ 0 (f + ig), where φ 0 is the field value at the center of the Q-ball. The lattice simulation is performed for both gauge and gravity-mediation types. The Q-ball evolution is studied mainly in simulations with 1 spatial dimension. We also perform 2 dimensional simulations in some cases and confirm that our results are independent of the spatial dimension. We use the periodic boundary condition and check that the box size and the resolution do not change the results.
We calculate the integrated energy and Q-charge around the Q-ball as [4, 16] 
where R * is the radius where the local energy density is smaller than 1% of that at the center of the Q-ball.
A. The setup for the gauge-mediation type
We use the following simplified potential:
For convenience in the numerical calculation, we modified V gauge by adding 1 in the argument of the logarithm and using the linear logarithmic potential instead of the quadratic one. Since the A-term is effective for the large field value, our modification does not change the typical property of gauge-mediation type Q-balls. We also add small higher-order term to avoid unstable directions in the potential.
We normalize the space-time coordinates asx µ = M −1 φ x µ by using the effective mass M 2 φ = M 4 F /M 2 mess . The equation of motions for the real and imaginary parts of Φ = 1 √ 2 φ 0 (f + ig) are given by
where u = 1 2 φ 2 0 /M 2 mess and ξ gauge is the ratio of the A-term to the logarithmic one given by
We take u = 5 × 10 3 and 45 × 10 3 to focus on the gauge-mediation type.
B. The setup for the gravity-mediation type
The potential for the gravity-mediation type is written as
where we have added a small regulator as |K log | 1 to avoid the singular behavior at φ ∼ 0. We have chosen the renormalization scale as M 2 = 1 2 φ 2 0 for convenience. Withx µ = m −1 3/2 x µ , the equations of motions for the real and imaginary parts of Φ = 1 √ where ξ gravity is the ratio of the A-term to the quadratic one as
We calculate the time evolution of a Q-ball for various values of ζ. For small ζ, the Q-ball remains stable. However, as ζ increases, the Q-ball charge starts to decay. We show the typical decay of a Q-ball in Fig.2 . At first, the Q-charge decreases and the spacial profile starts to distort (See right figure in Fig.2 ). With some delay the energy starts to decrease. After the Q-ball loses some fraction of its Q-charge, the energy becomes stable at t ∼ 15 × 10 3 . In the following calculation, we perform the numerical simulation until the energy becomes stable after they decayed and evaluate its energy and Q-charge. We also show the results on the 2 dimensional calculation in Fig.3 .
As a criterion of Q-ball decay, we tabulate the critical ζ where its energy is reduced to 90 % of its initial value and the Q-charge is to the 50% when the energy density becomes stable. The results are shown in table I. In the gauge-mediation case, the critical value for the A-term is ξ ,
and .
(34)
V. EVOLUTION OF Q-BALLS INSIDE A NEUTRON STAR
In section II, we classifies the three paths of the Q-ball growth, i.e. Case without V gravity , Case with V gravity (K < 0) and Case with V gravity (K > 0). In each case, the consumption rate of neutron stars by Q-balls depends on their profile, i.e. the gauge-mediation type, the gravity-mediation type or the thin wall type. The growth stops when the Q-ball reaches its maximum size determined by the A-term. We consider the transition of Q-ball type during its growth, and examine whether the Q-ball consumes all baryon in the neutron star.
We also compare our conservative results with the previous perturbative discussion. (See brief summary in appendix B.) In the following, we sometimes use the following reference values [21] : 
A. Case without V gravity
In this case, we ignore the V gravity [Φ]. Q-balls are the gauge-meditation type at first and grow to become the thin wall type, as we explained in Sec.III. We assume that the A-term suppresses the growth of Q-balls before they become thin wall type, which we confirm later.
We show the maximum Q-ball charge Q max for M F = (1 − 10 6 )GeV in Fig.4 . DM Q-balls should satisfy the stability condition given by Eq. The V gravity with large m 3/2 and K < 0 results in the appearance of gravity-mediation type Q-balls. Let us assume that the gauge-mediation type Q-balls are captured inside a neutron star.
After the capture, the Q-balls grow and start to change its profile into the gravitymediation type when its Q-charge exceeds the critical charge [12] ,
Since the gauge-mediation type has the upper bound Q max as described in the previous subsection, the appearance of the gravity-mediation type requires Q max > Q eq , which puts a condition on m For this parameter region the captured Q-balls grow into the gravity-mediation type.
In this case, we need to evaluate Q max based on the gravity-mediation type profile. Note that the ratios of A-term and non-renormalizable term to the mass term are ξ gravity ∼ φ n−2 /(m 3/2 M n−3 * ) and (φ n−2 /(m 3/2 M n−3 * )) 2 , both of which become order one at the same field value. Since we found ξ gravity ∼ O(0.1), the A-term suppression stops the Q-ball growth before the V NR dominates the potential [17] . For K > 0, the V gravity does not support the Q-balls solutions. Thus, the V gravity makes Q-balls thin wall type when the Q-ball grows over the threshold value Q c3 given by
where φ c3 is the critical value [see Eq.(A6)]. Once the Q-ball grows into the thin wall type, the field value of the Q-ball does not exceed φ c3 and the A-term no longer becomes effective.
From Eq. (20) , the thin wall type Q-ball grows over τ NS as
and it consumes all the baryon in a neutron star for
We show the Q max with K > 0 and m 3/2 = 0.01GeV in Fig.5 Fig.4 , the allowed parameter region of the large m 3/2 case with K > 0 is small.
D. Comparison to perturbative calculation
Let us compare our results with the previous calculation of the perturbative decay rate [16] , which is summarized in appendix B. Although they focus on the gauge mediation type, we also evaluate the perturbative decay rate for the gravity mediation type.
In Fig.6 , solid color lines donate our results Q max and dashed color lines donate the previous calculation Q . Both our and the previous results [16] show that neutron stars are stable against the growth of Q-balls in the gauge-mediation type.
For the the gravity-mediation type (right figure) , interestingly, the perturbative decay [Eq.(B7)] is inefficient compared to our result [Eq. (B5)]. It is because the perturbative decay rate is suppressed by the momentum conservation as Γ (1) n ∝ exp [−(Rω) 2 n 2 /(2n − 2)], in which (Rω) 2 4|K| −1 1 in gravity mediation type. 2
VI. CONCLUSION
The Affleck-Dine mechanism can produce non-topological solitons, Q-balls, which can explain the dark matter of the universe. The stability of neutron stars gives one of the stringent constraints on the DM Q-balls. The DM Q-balls can be trapped inside the neutron stars, grow consuming their baryon charge, and finally destabilize the neutron stars. In this paper, we have performed the numerical lattice simulations and confirmed that the growth of Q-balls is suppressed by the U (1) breaking A-term. Since a growing Q-ball has large field value, the A-term becomes effective and the Q-ball emits some fraction of its charge until it becomes stable against the A-term instability.
In the previous calculation, the Q-ball destabilization is evaluated by perturbative calculations for the gauge-mediation type [16] and by numerical simulations for the gravitymediation type [18] . In general, growing Q-balls change the type and property. Thus, for a comprehensive treatment of the Q-ball growth inside a neutron star, we have evaluated both the gravity and the gauge-mediation types numerically in this paper. We estimated the critical Q-charge above which the Q-balls start to decay.
For the gauge-mediation type (Case without V gravity ), we have confirmed that the A-term effectively suppresses the Q-ball growth and DM Q-balls are not constrained. As for the new type Q-balls (Case with V gravity ), we have two possibilities for the gravity-mediation type potential, K < 0 or K > 0. In the former case, we have found that the Q-ball can become the gravity-mediation type and its growth is also suppressed by the A-term. In the latter case, the Q-ball quickly becomes the thin wall type. We have found the only small parameter space, where the new type Q-balls avoids the constraint by the neutron star. .
(B7)
Since the momentum conservation suppresses the decay into phonons, the A-term less suppresses the Q-balls in the gravity-mediation type .
